carbon-based materials have long been used as electrodes for EDLCs. Activated carbon (AC) is one of the most important commercial carbon materials being used as electrodes of EDLCs [2] . It is useful because of its high specific surface area, low-cost, an excellent synergy effect with additive materials and is easy to process. Recently, some attempts have been made to fabricate multiple material layers of the EDLC in one rapid and accurate deposition process [3] . Several fabrication processes have been used to fabricate flexible EDLCs and micro supercapacitors and reported in the literature including photolithography and an electrochemical deposition, a micro extrusion, coating, roll-to-roll printing, etc [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Compared to the method described here, other 3D printing methods are usually costly or not able to process all the materials necessary for making EDLCs, such as 3D selective laser melting machine [21] . 3D printing based on paste extrusion has been adopted for this study because it allows EDLCs to be fabricated in one single process including package sealing with various types of materials. In addition, EDLCs have been studied and manufactured by 3D direct-ink writing process, but the viscosity of the AC and silicone materials makes them unsuitable for this approach [22] . An important requirement of an EDLC nowadays is its ability to be highly flexible to meet the requirement for numerous applications. It is clear that some of these processes add little to the capacitance behaviour. Some need pre-treatment, e.g. the spray coating technique has a number of drawbacks like unevenness and a wide spread due to a high treatment temperature. The cost of fabrication is high and time-consuming when using the photolithography process. Limited electrode thicknesses and substrate are provided with the DVD burner process. Hence, these processes may not suit flexible EDLCs with a variety of material substrates, AC electrodes and gel electrolyte patterns and thicknesses. However, one of the major challenges of component Abstract The rapid development of flexible energy storage devices is crucial for various electronics industries. Highly flexible electrochemical double layer capacitors (EDLCs) can be manufactured by 3D printing technology. It was a great challenge to fabricate multiple material layers of the EDLC in one rapid and accurate deposition event. The fabricated structures were composed of twelve electrodes which could be configured in a number of different ways in one block module. This work aims to investigate the performance of the flexible EDLCs manufactured by 3D printing in a honeycomb pattern. The EDLC cells were fabricated using a slurry made from commercial activated carbon (AC) and a gel electrolyte deposited on a transparent silicone substrate. The flexible EDLCs structures can be used in flexible electronics with different patterns and sizes using 3D printer and can be applied to many applications such as wearable technology.
Introduction
Flexible energy storage devices such as EDLCs, also known as supercapacitors, show high power density during discharge. The EDLCs rely on the use of modern, lighter, and flexible electrode materials . The main concept of the EDLC is described by the physicist Helmholtz as the EDLC relies on the accumulation of electrical charges on electrodes that are separated by electrolyte [1] . Several carbon and utilisation in EDLCs is flexibility and electrochemical performance. The challenge is to develop a simple, rapid, and low cost process that does not require additional processing while fabricating highly flexible EDLCs. A method should achieve better accuracy and uniform coating, multi paradigm structures and be of high flexibility.
The additive layer manufacturing process has the ability to bring different geometries within samples, by creating different patterns and using many materials printed to make every sample [28] . The current improvement in multi material printing has been achieved by using open source 3D paste deposition printing. Material compatibility is an important consideration for successful printing and electrochemical performance of EDLCs. The three major layer types in EDLCs contain a small amount of binder, which has to be optimum in surface tension, binding strength and viscosity. Due to the requirement for homogenous rheology and flexibility of the binding material, the thermoplastic binder PVDF-HFP has been used in AC electrodes and current collectors. To avoid using organic electrolyte the PVDF-HFP was not used in the gel electrolyte [29, 30] . In this work, we provide a detailed description of the manufacture of highly flexible EDLCs using a 3D printing method, transferring honeycomb-patterned layers for EDLCs components that have been fabricated. A honeycomb pattern was used due to less material and less time being consumed than with other patterns. The electrochemical testing of six and twelve AC electrodes of 2 mm thickness using 2.4 M concentration of H 3 PO 4 has been investigated.
Experimental

Materials
Zinc metal powder (Zn, MW 65.38) was purchased from SciChem ® . Silver powder was purchased from Gwent Group ® . Silver conductive paint with a volume resistivity of 0.001 Ω cm was purchased from RS ® Components Ltd. Dow Corning ® acetoxy silicone was supplied by Screwfix ® . All other materials including the AC powder (AR grade, MW 12.01 g mol −1 ), sodium carboxymethyl cellulose (CMC, MW 250,000), polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP, MW 400,000 ~ 130,000), polyvinyl alcohol (PVA, MW 146,000 ~ 186,000, 99+% hydrolysed), 1-methyl-2-pyrrolidinone (NMP, 1.028 g ml −1 ) and phosphoric acid (H 3 PO 4 , 2.4 M) were supplied by Sigma-Aldrich ® .
Preparation of AC slurry
A small amount of water and binder as a lubricant in 3D printing is imperative. PVDF-HFP cannot be easily introduced into the electrode manufacturing process, as it cannot be dissolved in water. Thus, PVDF-HFP powder was added to NMP, followed by subsequent heating to 40 °C for 1 h to give concentration of 20% wt/vol. 4 g of AC powder was mixed with vigorous stirring without heating for 24 h to ensure homogeneity.
Preparation of PVA/H 3 PO 4 gel electrolyte
To prepare an aqueous solution of PVA, 2.4 g of PVA powder was mixed with 30 mL distilled water and was magnetic stirred at 50 °C for 1 h until fully dissolved. 1.5 g of CMC 5% was then mixed with the PVA solution followed by 7 M H 3 PO 4 with magnetic stirring overnight until it completely turns to a homogeneous gel.
Current collector paste preparation
To use the state-of-the-art binder in the conductive paste and to prevent oxidation, 1 g of PVDF-HFP pellets was dissolved in 5 mL of NMP at 40 °C for 1 h. Afterward, 1 g of zinc metal powder was mixed with 3 g of silver powder and added to the solvent/polymer mixture and kept stirring overnight to obtain a homogenous paste. Figure 1 shows the practical 3D fabrication technique of the flexible EDLCs. An extrusion tool for material paste deposition with a single syringe driven by a linear stepper motor called Discov3ry ® has been installed in the 3D printer Ultimaker ® firmware, and manipulated by simplify3D ® software. The 3D printer setting for the heated platform was set to 10 °C and the extruder temperature was 20 °C. A 30 mL BD luer-lock syringe was used. A 3.5 mm inner diameter of PVC rubber tube with length of 38 cm was used. To reduce the amount of the three materials used in this work they were deposited in a 20% honeycomb infill pattern. A 0.6 mm diameter tapered nozzle and a 0.6 mm layer height were used. The feed-rate was fixed at 21,000 steps per mm at a printing speed of 67 mm s −1 . To avoid trapping any air bubbles, the silicone was filled into the syringe without any purification using an applicator gun and other pastes by femaleto-female luer-lock coupling. The retraction function in the software was disabled to avoid hardware mechanical issues. A non-stick Teflon sheet was used on the printing platform.
Fabrication process
Fabrication of flexible EDLCs devices
A computer aided design (CAD) was created with Solid Works ® and converted to 3D printer instructions in a layer by layer using simplify3D ® software. Each layer was fabricated in sequence by 3D paste extrusion as shown in Fig. 1a .
A silicone layer thickness of 0.6 mm was used throughout. Two layers of current collector applied with a brush, which served as current collectors. Electrode layer thicknesses of 0.6 mm were used throughout with dimension 38 mm length × 2 mm width Fig. 1b . The gel electrolyte dimensions were similar to the electrodes and this gel electrolyte layer was used as the separator. As shown in Fig. 1c the same 3D parameters for the PVA/H 3 PO 4 gel electrolyte layer were used for deposition to reach weight for the six electrodes of 1.3 g. It has been demonstrated that various structures can be manufactured using silicone based 3D paste extrusion. The rheology of the paste materials needed to be controlled to allow deposition maintaining the filament shape. Pastes that have solvents such as NMP or acetone need to be printed at a low temperature to avoid evaporation. To minimize gel electrolyte leakage during the sandwiching of the two halves a 1 mm silicone layer was deposited around the edge Fig. 1d . The EDLC cells were printed without any metal current collector and kept in a vacuum desiccator for an hour to allow the infiltration into the carbon of the PVA/H 3 PO 4 electrolyte.
Electrochemical measurements
All measurements were carried out with an electrochemical workstation (
where C is the capacitance in farads (F), Q total is the supercapacitor charge in coulombs (C) and ∆v is the voltage range in volts (V). Galvanostatic charge/discharge (GCD) curves were measured at constant current densities of 11.53 and 5.76 mA g −1 for six and twelve electrodes, respectively. The determination of the GCD capacitance used by following equation where i is the discharge current in amperes (A), ∆t is the discharging time (s) and ∆v is the voltage of the discharge (V). The specific capacitance (C s ) of the supercapacitor device can be calculated using where i is the current in amperes (A), ∆t is the discharging time (s), m is the total mass of the active materials of six and twelve electrodes (g) and ∆v is the voltage of the discharge with exception of iR drop (V).
Results and discussion
In this work, we present three EDLCs produced by a novel manufacturing process in a single module part. The schematic illustration of series connection without a combination circuit involved in the structure of the highly flexible EDLC is shown in Fig. 2 . Based on the working mechanism [9] , the EDLCs consist of four main components that are a substrate, current collector, and AC slurry and gel electrolyte as a separator. The stability of the EDLCs performance and its flexibility is mainly based on two factors, the vapour pressure of the solvent and the strength properties of the binders. Adhesive, common, cheap, and environmentally safe binders were used in the EDLCs. However, they tended to block a large part of the conductive particles, the carbon's surface area, and the electrolytes. The adhesion between the current collector based on PVDF-HFP and the silicone substrate is weaker than that between other substrate elastic materials. The current collector based on PVDF-HFP showed a low resistance in comparison with current collector that had a CMC binder but the current collector paste based on CMC showed good flexibility in comparison with PVDF-HFP. The current collector based on PVDF-HFP was used as conducting layer in this work due to its high conductivity. One of the fundamental challenges of 3D paste printing is that it is limited by syringe loading and the extrusion pressure required. The EDLC material was very challenging to deposit because it was prepared from powder and water leaving entrained air bubbles. This will cause breaks in the filament deposition leading to gaps and the structure to collapse. To optimise the structure, each layer must maintain its shape when printed. It is difficult to predict the shrinkage of EDLC materials components with low viscosity, as they spread after being deposited from the nozzle. Some acids and solvents are quick to evaporate during deposition, therefore; it is an important to select an appropriate acid and solvent. The rheological suspension properties of EDLC components are important in 3D printing processes and need to be controlled. The viscosity, surface tension, and AC particle content were adjusted to the requirements of the 0.6 mm tapered print nozzle. As shown in Fig. 3 , the two layers with 0.6 mm of top shell thickness in 20% honeycomb infill pattern lead to silicone layer shrinkage and distortion. To avoid an unsmooth skin surface on the honeycomb infill pattern it was necessary to increase the fill density above 20%. It is very important to obtain excellent printed layers of silicone substrate and avoid formation of large gaps. This will reduce the defects within the current collector and AC layers and will lead to a uniform thickness and a stable electrochemical performance. 
Cyclic voltammetry
To determine the electrochemical properties of the AC printed onto silicone, it is highly important to take measurements at a sufficient scan rate by using CV, the most widely used method for determining the capacitance. CV was performed in the potential range from 0 to 0.8 V to prevent the decomposition of water. The CVs were recorded in the aqueous 2.4 M PVA/H 3 PO 4 to determine C1, C2, and C3. The mass of each electrode was 0.2 g and the total mass was 2.4 g. The capacitance of C1 and C2 were calculated by Eq. (1) Fig. 4a , it can be clearly seen that the capacitance decreases because of the increase of the scan rate as the ions cannot get to the electrode surfaces quick enough. Other processes are also seen. A little reduction current was observed in C2 at scan rate 200 mV s −1 , which shows a faradaic (reaction) current. It is seen from Fig. 4b that the three EDLCs display a relatively good rectangular behaviour and the C1 and C2 showed the largest current at scan rate of 5 mV s −1 in comparison with C3. However, the shrinkage of silicon surface in honeycomb pattern plays a role in changing dimensions and should be avoided because of their negative effect on EDLCs performance.
Galvanostatic charge-discharge
The GCD test was carried out for C1 and C2 at a current density of 11.5 and 5.7 mA g −1 for C3 in the potential range 0 to 0.8 V. Fig. 5 shows a typical fifth cycle charge-discharge curve for each EDLC. The capacitance for C1 calculated from the GCD curve using Eq. (3), is 11.2 mF, nearly half to that calculated from the CV at scan rate 100 mV s −1 . There is little effect of current value and it can clearly show that the potential error (V error ) was extremely high in C3 GCD curve. Uncompensated resistance might generate this error. The voltage drop (iR drop) at the beginning of each discharge curve was increased due to the high resistance and high voltage error. It was difficult to measure the iR drop and discharge time in C3. Kampouris et al. [31] have considered the electrode to be polarized when the potential of an electrode is forced away from its open circuit. Similar negative slope trends of GCD curves for EDLC devices have been reported previously [32, 33] . Because of uncompensated resistance, the impact of high iR drop on measurement is crucial. PVDF-HFP dissolved in NMP as binder is believed to be responsible for the scanning voltage going into the negative range during discharge process in GCD curves and away from the logical value of zero of aqueous electrolyte. Non-linear GCD curves are features of battery behaviour, which should not be used for measurement of capacitance values [34] .
The values of specific capacitance were continually compared. The highest specific capacitance calculated by Eq. (4) was that reached at 7 mF g −1 for C1. A minimum specific capacitance of 1 mF g −1 was observed for C3 at a current density of 5.7 mA g −1 . At a similar density for PVA/ H 3 PO 4 , the specific capacitance values of the flexible EDLC decreased when the charge/discharge current decreased. The energy density and power density are calculated from the GCD curves and equations (5) and (6) .
where E is energy density, C s is the specific capacitance, v is the potential range, ∆ t is the discharging time, and P the power density. The highest energy density of the C1 was obtained to be 2.24 Ws g −1 with a corresponding power density of 3.18 W g −1 . While the C3 has lower energy density of 0.32 Ws g −1 with a corresponding power density of 1.6 W g −1 .
Electrochemical impedance spectroscopy (EIS)
The equivalent series resistance (ESR) difference is explained in terms of the conductivity of PVA/H 3 PO 4 . Other various factors may influence ESR such as electrode thickness and its attachment to the current collector, layer height, cell size, infill pattern and fill density. The ESR can be easily determined by obtaining a symmetrical GCD curve. An asymmetrical GCD curve is often difficult to measure due to the nonlinear slope. No noisy process was observed in any of the GCD curves. Thus, iR drop can be determined more reliably from the iR compensation technique (iR comp ) using the electrochemical workstation in auto-ranged experiment. The iR comp were 14.9 and 18.86 Ω for C1 and C2, respectively. C3 displays a higher iR comp was 41.37 Ω because it might have been affected by remaining ionic resistance produced during the charging of C1 and C2. From the iR comp values, we can calculate V ir using the equation where V ir is the iR drop at charge and discharge (V) and i cell is the current range in amperes (A). The values of V ir are 0.22, 0.28, and 0.62 V for C1, C2, and C3, respectively.
As shown in Fig. 6 , ESR can be estimated for each EDLC from the intersection between the low frequency and more straight section of the Nyquist plot and the X-axis [35] . The height of the 3D printed layer is 0.6 mm for AC electrodes and generally showed a weak adhesive force between electrodes and current collector resulting in poor cycle stability and high ESR. In addition, PVA/ H 3 PO 4 aqueous gel electrolyte could not permeate quickly in comparison with the organic electrolyte. The AC based on PVDF-HFP binder showed a weight loss due to a loss of solvent leading to change in the layer thicknesses of electrode. The ion charge resistance is inversely proportional to the electrode area at 2 mm thickness. The expected semicircle cannot be seen in the higher frequency range due to the low contact resistance and the charge transfer resistance was low. It was unexpected that the bulk solution resistance of the PVA/H 3 PO 4 in C2 was higher than C1 and C3. The plot is horizontal at low frequency because of losing a quantity of electrons by Faradaic reactions or at 15 mA of charging current there has been an increase in the iR drop. The reduction of ESR and iR drop allows flexible EDLCs to achieve high power density. The main contribution of this work that a new approach to manufacture EDLC in a single process with various types of materials has been developed, which means EDLC can be manufactured to be the same or different form without the requirement for a mould pattern. AC, gel electrolyte, and silicone deposition by 3D printing process not only reduces the transferring pattern process and waste it also controls the layers and weight. The EDLCs were sealed as an integral part of this process without the need of additional laminating. 
Conclusion
Flexible EDLCs with a silicone rubber-like substrate were fabricated successfully by 3D printing technology. It has been shown that 3D printing is a promising technique to make various patterns and accurate shaped structures using multiple materials that have different mechanical properties. Only one single extrusion device was responsible for building the structure described in this work. Three cells have been deposited in one module in a honeycomb pattern at a feed rate of 21,000 steps per mm. The reversing of the electrode polarity on discharge has been investigated and the electrochemical performances were tested at a potential of 0.8 V with a 2.4 M PVA/H 3 PO 4 gel electrolyte. The reduction of internal resistance has been shown to be dependent on the binder strength and thickness, pattern structure and the fill density of electrodes, gel electrolyte, and current collector. With further improvements of the AC slurry, gel electrolyte, and print parameters, the resolution of less than 0.6 mm should be achievable to maintain electrochemically stable flexible EDLCs. The optimized parameters can be applied to other devices and the manufacturing of 3D electronic structures for consumers. To satisfy the needs of electronic devices, the mechanical properties of lightweight and flexible energy storage devises fabricated by 3D printing will be explored in the future. The performance of combined circuits of the flexible EDLCs in parallel or in series will be examined in future work.
